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Chromatic dispersion (CD) processing apparatus comprises
an equalizer loop comprising: a frequency domain equalizer
(FDE) arranged to receive samples of an electrical represen-
tation of an optical communications signal having CD and to
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residual value and to compare it to a threshold value and to
generate and transmit to the FDE an estimation signal com-
prising the estimated value unless it is less than the threshold.
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CHROMATIC DISPERSION PROCESSING
APPARATUS AND METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a National stage of International Appli-
cation No. PCT/EP2012/053622, filed Mar. 2, 2012, which is
hereby incorporated by reference.

TECHNICAL FIELD

The invention relates to chromatic dispersion processing
apparatus, an optical receiver, optical monitoring apparatus,
and a method of processing chromatic dispersion of an optical
communications signal.

BACKGROUND

Optical transmission schemes based on coherent detection
and digital signal processing (DSP) of polarization division
multiplexing (PDM) multilevel modulation formats, are
attracting more attention and are being considered for next
generation optical networks. The main advantage of coherent
receivers is that they provide both amplitude and phase infor-
mation of a received optical signal. This information is used
by a DSP-based equalizer to invert the channel linear transfer
function in order to recover the transmitted signal. Hence, the
digital equalizer compensates for all linear channel impair-
ments, namely chromatic dispersion (CD) and polarization
mode dispersion (PMD). This is particularly true in the
weakly non-linear regime of typical optical systems.

CD and PMD compensation can be obtained using a single
time domain equalizer (TDE), provided that the channel
memory is less than the TDE length. The inter-symbol inter-
ference (ISI) caused by PMD is typically limited, so the
number of taps required in the TDE to compensate for PMD
is low. In contrast, the channel memory induced by residual
CD can be very long, so a high taps number is required in a
TDE to compensate for CD. Another approach exploits a
reduced complexity TDE, which compensates for PMD,
combined with a frequency domain equalizer (FDE) which
performs CD compensation. In the FDE, the signal is trans-
formed by a Fast Fourier Transform (FFT) and multiplied by
the inverse of the dispersive channel transfer function. The
advantage of this solution is that the computational complex-
ity of an FDE is lower than a TDE even for a small number of
taps. However using an FDE necessitates prior knowledge of
the residual CD value of the channel. In most cases, the CD is
assumed to be a known quantity and is preset in the FDE.
However the CD of a transmission link across an optical
network can change due to dynamic switching and rerouting
of the signal, which means that the uncompensated residual
CD of the link is unknown. An adaptive CD compensation is
therefore needed to cope with the dynamic changes of light
paths in an optical network. Reported solutions to this include
delay tap sampling, minimum mean-squared error (MMSE)
equalizer assisted by channel estimation from a training
sequence, overlap frequency domain equalizer (OFDE) with
a blind estimation algorithm operating in the time or fre-
quency domain, and using time domain least mean square
(LMS) adaptive filters. These proposed solutions have vari-
ous complexities, including requiring the use of a look up
table, the need for a training sequence, an “Ad hoc” block to
perform CD estimation, and a high number of taps for effec-
tive CD compensation.
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An optical performance monitoring (OPM) algorithm, for
coherent optical receivers, based on the elaboration of the
TDE tap coefficients to provide fiber linear parameters infor-
mation has been proposed by T. Xu et al, “Chromatic disper-
sion compensation in coherent transmission system using
digital filters”, Optics Express, vol. 18, no. 15, pp. 16243-
16257, 2010. However, in order to perform a CD estimation
with good accuracy, this approach requires the use of a TDE
with a high number of taps, even higher than the number of
taps required by the system to reach an error free condition,
further increasing the computational complexity of the TDE.

SUMMARY

Itis an object to provide an improved chromatic dispersion
processing apparatus. It is a further object to provide an
improved method of processing chromatic dispersion of an
optical communications signal. It is a further object to pro-
vide an improved optical receiver. It is a further object to
provide an improved optical monitoring apparatus.

A first aspect of the invention provides chromatic disper-
sion processing apparatus comprising an equalizer loop. The
equalizer loop comprises a frequency domain equaliser, a
time domain equaliser, optical performance monitoring appa-
ratus and a processor. The frequency domain equaliser is
arranged to receive samples of an electrical representation of
an optical communications signal having a chromatic disper-
sion. The frequency domain equaliser is arranged to apply
chromatic dispersion compensation to the samples, to form
dispersion corrected samples having a residual chromatic
dispersion value. The time domain equaliser is arranged to
receive the dispersion corrected samples and to generate a
representation of a channel linear transfer function of the
optical communications signal from the dispersion corrected
samples. The time domain equaliser is arranged to generate
and transmit a monitoring signal comprising the representa-
tion of the channel linear transfer function. The optical per-
formance monitoring apparatus is arranged to receive the
monitoring signal and to estimate the residual chromatic dis-
persion value from the representation of the channel linear
transfer function. The processor is arranged to receive the
estimated residual chromatic dispersion value and to compare
the estimated residual chromatic dispersion value to a thresh-
old value. The processor is arranged to generate and transmit
to the frequency domain equaliser an estimation signal com-
prising the estimated residual chromatic dispersion value
unless the estimated residual chromatic dispersion value is
less than the threshold value.

The chromatic dispersion processing apparatus may be
used to process chromatic dispersion in the form of compen-
sating for chromatic dispersion and/or estimating chromatic
dispersion.

The equalizer loop arrangement of the frequency domain
equaliser, time domain equaliser and optical performance
monitoring apparatus may enable the chromatic dispersion
processing apparatus to compensate for chromatic dispersion
of an optical communications signal without any knowledge
of the chromatic dispersion characteristic of an optical com-
munications link from which the optical communications
signal is received. The chromatic dispersion processing appa-
ratus may exploit blind equalisation in the time domain equa-
liser and low computational complexity in the frequency
domain equaliser to jointly compensate for chromatic disper-
sion and estimate chromatic dispersion quickly and effec-
tively. Arranging the frequency domain equaliser, time
domain equaliser and optical performance monitoring appa-
ratus in an equaliser loop may enable the time domain equa-
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liser to operate at an optimised load and to have greater
margins for variations. The chromatic dispersion processing
apparatus may provide a chromatic dispersion estimation
which is more accurate than is achievable with the prior art
and which operates more quickly since it operates without the
need for look up tables or training sequences for the time
domain equaliser.

In an embodiment, the equalizer loop is arranged to operate
iteratively until the estimated residual chromatic dispersion
value is less than the threshold value. The chromatic disper-
sion processing apparatus may therefore operate blindly and
adaptively.

In an embodiment, the time domain equaliser is arranged to
generate an inverted channel linear transfer function of the
optical communications signal from the dispersion corrected
samples and to apply the inverted channel linear transfer
function to the dispersion corrected samples, to form disper-
sion compensated samples. The chromatic dispersion pro-
cessing apparatus is therefore able to compensate for chro-
matic dispersion of the samples, to form dispersion
compensated samples.

In an embodiment, the time domain equaliser comprises a
two-dimensional fractionally spaced feed forward equaliser
having a number of taps in the range 5 to 15. The number of
taps is fewer than the number of taps required for the time
domain equaliser to fully compensate for the chromatic dis-
persion of the optical communications signal. The chromatic
dispersion processing apparatus is therefore based on a fre-
quency domain equaliser, a low complexity time domain
equaliser and optical performance monitoring apparatus
arranged in an equaliser loop.

In an embodiment, the time domain equaliser comprises a
two-dimensional fractionally spaced feed forward equaliser
having 5 taps. A very low number of taps may therefore be
used to achieve convergence of the estimated residual chro-
matic dispersion with the threshold value.

In an embodiment, each tap has a tap coefficient and the
time domain equaliser is arranged to apply the minimum
mean square error, MMSE, criterion to adapt the tap coeffi-
cients in order to converge its operation to a two-dimensional
matched filter, as reported by G. Colavolpe et al, “Robust
multilevel coherent optical systems with linear processing at
the receiver,” J. Lightwave Technol, vol. 27, no. 13, pages
2357-2369, 2009.

In an embodiment, the frequency domain equaliser is
arranged to compensate the samples for an initial value of
chromatic dispersion. The frequency domain equaliser is
arranged, in response to receipt of a said estimation signal, to
compensate the samples for a subsequent value of chromatic
dispersion. The subsequent value is the sum of the initial
value and of the respective estimated residual chromatic dis-
persion value of the said estimation signal and of each previ-
ously received estimation signal.

In an embodiment, the initial value is one of 0 ps/nm, a
known minimum chromatic dispersion accumulated by the
optical communications signal, and a known chromatic dis-
persion of a link of an optical communications network from
which the optical communications signal is received. Setting
the initial value to 0 ps/nm may enable the chromatic disper-
sion processing apparatus to operate completely blind to the
chromatic dispersion of the link from which the optical com-
munications signal is received. This may enable the chro-
matic dispersion processing apparatus to operate in a very
general manner with minimal user input. If the chromatic
dispersion accumulated by the optical communications sig-
nal during propagation is known to range between a known
minimum and maximum value, the initial value may be set to
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the known minimum value. This may enable faster conver-
gence of the time domain equaliser than when operating
completely blind. A known chromatic dispersion of the link
from which the optical communications signal is received
may be provided from the control plane of the communica-
tions network. This may also enable faster convergence of the
time domain equaliser than when operating completely blind.

In an embodiment, the chromatic dispersion processing
apparatus further comprises bit error rate monitoring appara-
tus arranged to determine a bit error rate of the dispersion
compensated samples. The processor is arranged to receive
the bit error rate and to compare the bit error rate to a first
threshold bit error rate. The processor is arranged iteratively
to cause a preselected chromatic dispersion increment to be
added to the value of chromatic dispersion previously com-
pensated for unless the bit error rate is less than the first
threshold bit error rate.

In an embodiment, the chromatic dispersion increment is
selected in dependence on a bit rate and modulation format of
the optical communications signal and on the number of taps
of the time domain equaliser. In an embodiment, the chro-
matic dispersion increment is less than 1000 ps/nm.

In an embodiment, the bit error rate monitoring apparatus
comprises a forward error correction device.

In an embodiment, the processor is arranged, in response to
the bit error rate being less than the first threshold bit error
rate, to compare the bit error rate to a second threshold bit
error rate. The processor is arranged to generate and transmit
the estimation signal comprising the estimated residual chro-
matic dispersion value unless the bit error rate is less than the
second threshold bit error rate and the estimated residual
value is less than the threshold value.

When the bit error rate is less than the second threshold bit
error rate and the estimated residual value is less than the
threshold value the majority of the chromatic dispersion has
been compensated for by the frequency domain equaliser.
The time domain equaliser is required only to compensate for
a minimum chromatic dispersion, defined by the threshold
value. The time domain equaliser may therefore invert the
channel linear transfer function with a very good approxima-
tion with a very low number of taps. This may improve the
robustness of the chromatic dispersion processing apparatus
to sudden changes in chromatic dispersion.

In an embodiment, the threshold value is in the range 10
ps/nm to 50 ps/nm. In an embodiment, the threshold value is
10 ps/nm. The lower the threshold value, the greater is the
amount of chromatic dispersion that is compensated for by
the frequency domain equaliser but the higher is the number
of iterations required. A threshold value of 10 ps/nm may
provide both accuracy of the estimated residual chromatic
dispersion and an acceptable number of iterations.

In an embodiment, first threshold bit error rate is 0.48. This
may allow the time domain equaliser to converge and the
optical performance monitoring apparatus to output a useful
value of estimated residual chromatic dispersion.

In an embodiment, second threshold bit error rate is 1.0x
1072

In an embodiment, the optical performance monitoring
apparatus is arranged to generate and transmit an output sig-
nal comprising an indication of the estimated residual chro-
matic dispersion value.

In an embodiment, the optical communications signal
comprises an optical communications traffic signal. In an
embodiment, the optical communications signal comprises a
portion of an optical communications traffic signal.

A second aspect of the invention provides a method of
processing chromatic dispersion of an optical communica-
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tions signal. The method comprises step a of receiving
samples of an electrical representation of an optical commu-
nications signal having a chromatic dispersion. The method
comprises step b. of compensating the samples for a value of
chromatic dispersion, to form dispersion corrected samples
having a residual chromatic dispersion value. The method
comprises step c. of generating a representation of a channel
linear transfer function of the optical communications signal
from the dispersion corrected samples. The method com-
prises step e. of estimating the residual chromatic dispersion
value from the representation of the channel linear transfer
function. The method comprises step f. of comparing the
estimated residual chromatic dispersion value to a threshold
value and unless it is less than the threshold value adding the
estimated residual chromatic dispersion value to the value of
chromatic dispersion previously compensated for, to form a
subsequent value of chromatic dispersion. The method com-
prises step g. of repeating steps b. to f. for respective subse-
quent values of chromatic dispersion until the estimated
residual chromatic dispersion value is less than the threshold
value.

The method may be used for chromatic dispersion process-
ing in the form of compensating for chromatic dispersion
compensation and/or estimating chromatic dispersion. The
iterative operation of the method may enable chromatic dis-
persion of an optical communications signal to be compen-
sated for without any knowledge of the chromatic dispersion
characteristic of an optical communications link from which
the optical communications signal is received. The method
may operate blindly and adaptively to jointly perform chro-
matic dispersion estimation and compensation quickly and
effectively. The method may provide a chromatic dispersion
estimation which is more accurate than is achievable with the
prior art and which operates more quickly since it operates
without the need for look up tables or training sequences.

In an embodiment, step c. further comprises generating an
inverted channel linear transfer function of the optical com-
munications signal from the dispersion corrected samples and
applying the inverted channel linear transfer function to the
dispersion corrected samples, to form dispersion compen-
sated samples. The method may therefore perform dispersion
compensation on the samples to form dispersion compen-
sated samples.

In an embodiment, step c. is implemented using a time
domain equaliser comprising a two-dimensional fractionally
spaced feed forward equaliser having a number of taps in the
range 5 to 15. In an embodiment, the time domain equaliser
comprises a two-dimensional fractionally spaced feed for-
ward equaliser having 5 taps. A very low number of taps may
therefore be used to achieve convergence of the estimated
residual chromatic dispersion with the threshold value.

In an embodiment, each tap has a tap coefficient and the
time domain equaliser is arranged to apply the minimum
mean square error, MMSE, criterion to adapt the tap coeffi-
cients in order to converge its operation to a two-dimensional
matched filter, as reported by G. Colavolpe et al, “Robust
multilevel coherent optical systems with linear processing at
the receiver,” J. Lightwave Techno., vol. 27, no. 13, pages
2357-2369, 2009. In an embodiment, the value of chromatic
dispersion used in the initial implementation of step b. is one
of'0 ps/nm, a known minimum chromatic dispersion accumu-
lated by the optical communications signal, and a known
chromatic dispersion of a link of an optical communications
network from which the optical communications signal is
received. Setting the initial value to 0 ps/nm may enable the
method to operate completely blind to the chromatic disper-
sion of the link from which the optical communications signal

10

20

25

30

35

40

45

50

55

60

65

6

is received. This may enable the method to operate in a very
general manner with minimal user input. If the chromatic
dispersion accumulated by the optical communications sig-
nal during propagation is known to range between a known
minimum and maximum value, the initial value may be set to
the known minimum value. This may enable faster conver-
gence than when operating completely blind. A known chro-
matic dispersion of the link from which the optical commu-
nications signal is received may be provided from the control
plane of the communications network. This may also enable
faster convergence than when operating completely blind.

In an embodiment, the method further comprises step d. of
determining a bit error rate of the dispersion compensated
samples. Step d. further comprises comparing the bit error
rate to a first threshold bit error rate and, unless the bit error
rate is less than the first threshold bit error rate, adding a
preselected chromatic dispersion increment to the value of
chromatic dispersion previously compensated for, to form an
incremented value of chromatic dispersion. Steps b. to d. are
repeated until the bit error rate is less than the first threshold
bit error rate.

In an embodiment, the chromatic dispersion increment is
selected in dependence on a bit rate and modulation format of
the optical communications signal and on the number of taps
of the time domain equaliser. In an embodiment, the chro-
matic dispersion increment is less than 1000 ps/nm.

In an embodiment, step f. additionally comprises compar-
ing the bit error rate to a second threshold bit error rate. The
estimated residual chromatic dispersion value is added to the
value of chromatic dispersion previously compensated for, to
form a subsequent value of chromatic dispersion, unless the
bit error rate is less than the second threshold bit error rate and
the estimated residual chromatic dispersion value is less than
the threshold value.

When the bit error rate is less than the second threshold bit
error rate and the estimated residual chromatic dispersion
value is less than the threshold value the majority of the
chromatic dispersion has been compensated for by the fre-
quency domain equaliser. The time domain equaliser is
required only to compensate for a minimum chromatic dis-
persion, defined by the threshold value. The time domain
equaliser may therefore invert the channel linear transfer
function with a very good approximation with a very low
number of taps. This may improve the robustness of the
method to sudden changes in chromatic dispersion.

In an embodiment, the threshold value is in the range 10
ps/nm to 50 ps/nm. In an embodiment, the threshold value is
10 ps/nm. The lower the threshold value, the greater is the
amount of chromatic dispersion that is compensated for by
the frequency domain equaliser but the higher is the number
of iterations required. A threshold value of 10 ps/nm may
provide both accuracy of the estimated residual chromatic
dispersion and an acceptable number of iterations.

In an embodiment, first threshold bit error rate is 0.48. This
may allow the time domain equaliser to converge and the
optical performance monitoring apparatus to output a useful
value of estimated residual chromatic dispersion.

In an embodiment, second threshold bit error rate is 1.0x
1072

In an embodiment, the method further comprises generat-
ing and transmitting an output signal comprising an indica-
tion of the estimated residual chromatic dispersion value.

In an embodiment, the optical communications signal
comprises an optical communications traffic signal. In an
embodiment, the optical communications signal comprises a
portion of an optical communications traffic signal.
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A third aspect of the invention provides optical monitoring
apparatus comprising optical detection apparatus, analog to
digital conversion apparatus and chromatic dispersion pro-
cessing apparatus. The optical detection apparatus is arranged
to receive an optical communications signal and to generate
an electrical representation of the optical communications
signal. The analog to digital conversion apparatus is arranged
to generate samples of the electrical representation. The chro-
matic dispersion processing apparatus comprising an equal-
izer loop which comprises a frequency domain equaliser, a
time domain equaliser, optical performance monitoring appa-
ratus and a processor. The frequency domain equaliser is
arranged to receive samples of an electrical representation of
an optical communications signal having a chromatic disper-
sion. The frequency domain equaliser is arranged to apply
chromatic dispersion compensation to the samples, to form
dispersion corrected samples having a residual chromatic
dispersion value. The time domain equaliser is arranged to
receive the dispersion corrected samples and to generate a
representation of a channel linear transfer function of the
optical communications signal from the dispersion corrected
samples. The time domain equaliser is arranged to generate
and transmit a monitoring signal comprising the representa-
tion of the channel linear transfer function. The optical per-
formance monitoring apparatus is arranged to receive the
monitoring signal and to estimate the residual chromatic dis-
persion value from the representation of the channel linear
transfer function. The processor is arranged to receive the
estimated residual chromatic dispersion value and to compare
the estimated residual chromatic dispersion value to a thresh-
old value. The processor is arranged to generate and transmit
to the frequency domain equaliser an estimation signal com-
prising the estimated residual chromatic dispersion value
unless the estimated residual chromatic dispersion value is
less than the threshold value.

The optical receiver may be used to compensate for chro-
matic dispersion and/or to estimate chromatic dispersion.

The equalizer loop arrangement of the frequency domain
equaliser, time domain equaliser and optical performance
monitoring apparatus may enable the chromatic dispersion
processing apparatus to compensate for chromatic dispersion
of an optical communications signal without any knowledge
of the chromatic dispersion characteristic of an optical com-
munications link from which the optical communications
signal is received. The chromatic dispersion processing appa-
ratus may exploit blind equalisation in the time domain equa-
liser and low computational complexity in the frequency
domain equaliser to jointly compensate for chromatic disper-
sion and estimate chromatic dispersion quickly and effec-
tively. Arranging the frequency domain equaliser, time
domain equaliser and optical performance monitoring appa-
ratus in an equaliser loop may enable the time domain equa-
liser to operate at an optimised load and to have greater
margins for variations. The chromatic dispersion processing
apparatus may provide a chromatic dispersion estimation
which is more accurate than is achievable with the prior art
and which operates more quickly since it operates without the
need for look up tables or training sequences for the time
domain equaliser.

In an embodiment, the equalizer loop is arranged to operate
iteratively until the estimated residual chromatic dispersion
value is less than the threshold value. The chromatic disper-
sion processing apparatus may therefore operate blindly and
adaptively.

In an embodiment, the time domain equaliser is arranged to
generate an inverted channel linear transfer function of the
optical communications signal from the dispersion corrected
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samples and to apply the inverted channel linear transfer
function to the dispersion corrected samples, to form disper-
sion compensated samples. The chromatic dispersion pro-
cessing apparatus is therefore able to perform dispersion
compensation on the samples, to form dispersion compen-
sated samples.

In an embodiment, the time domain equaliser comprises a
two-dimensional fractionally spaced feed forward equaliser
having a number of taps in the range 5 to 15. The number of
taps is fewer than the number of taps required for the time
domain equaliser to fully compensate the chromatic disper-
sion of the optical communications signal. The chromatic
dispersion processing apparatus is therefore based on a fre-
quency domain equaliser, a low complexity time domain
equaliser and optical performance monitoring apparatus
arranged in an equaliser loop.

In an embodiment, the time domain equaliser comprises a
two-dimensional fractionally spaced feed forward equaliser
having 5 taps. A very low number of taps may therefore be
used to achieve convergence of the estimated residual chro-
matic dispersion with the threshold value.

In an embodiment, each tap has a tap coefficient and the
time domain equaliser is arranged to apply the minimum
mean square error, MMSE, criterion to adapt the tap coeffi-
cients in order to converge its operation to a two-dimensional
matched filter, as reported by G. Colavolpe et al, “Robust
multilevel coherent optical systems with linear processing at
the receiver,” J. Lightwave Technol, vol. 27, no. 13, pages
2357-2369, 2009.

In an embodiment, the frequency domain equaliser is
arranged to compensate the samples for an initial value of
chromatic dispersion. The frequency domain equaliser is
arranged, in response to receipt of a said estimation signal, to
compensate the samples for a subsequent value of chromatic
dispersion. The subsequent value is the sum of the initial
value and of the respective estimated residual chromatic dis-
persion value of the said estimation signal and of each previ-
ously received estimation signal.

In an embodiment, the initial value is one of 0 ps/nm, a
known minimum chromatic dispersion accumulated by the
optical communications signal, and a known chromatic dis-
persion of a link of an optical communications network from
which the optical communications signal is received. Setting
the initial value to 0 ps/nm may enable the optical receiver to
operate completely blind to the chromatic dispersion of the
link from which the optical communications signal is
received. This may enable the optical receiver to operate in a
very general manner with minimal user input. If the chro-
matic dispersion accumulated by the optical communications
signal during propagation is known to range between a known
minimum and maximum value, the initial value may be set to
the known minimum value. This may enable faster conver-
gence of the time domain equaliser than when operating
completely blind. A known chromatic dispersion of the link
from which the optical communications signal is received
may be provided from the control plane of the communica-
tions network. This may also enable faster convergence of the
time domain equaliser then when operating completely blind.

In an embodiment, the chromatic dispersion processing
apparatus further comprises bit error rate monitoring appara-
tus arranged to determine a bit error rate of the dispersion
compensated samples. The processor is arranged to receive
the bit error rate and to compare the bit error rate to a first
threshold bit error rate. The processor is arranged iteratively
to cause a preselected chromatic dispersion increment to be
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added to the value of chromatic dispersion previously com-
pensated for unless the bit error rate is less than the first
threshold bit error rate.

In an embodiment, the chromatic dispersion increment is
selected in dependence on a bit rate and modulation format of
the optical communications signal and on the number of taps
of the time domain equaliser. In an embodiment, the chro-
matic dispersion increment is less than 1000 ps/nm.

In an embodiment, the bit error rate monitoring apparatus
comprises a forward error correction device.

In an embodiment, the processor is arranged, in response to
the bit error rate being less than the first threshold bit error
rate, to compare the bit error rate to a second threshold bit
error rate. The processor is arranged to generate and transmit
the estimation signal comprising the estimated residual chro-
matic dispersion value unless the bit error rate is less than the
second threshold bit error rate and the estimated residual
chromatic dispersion value is less than the threshold value.

When the bit error rate is less than the second threshold bit
error rate and the estimated residual chromatic dispersion
value is less than the threshold value the majority of the
chromatic dispersion has been compensated for by the fre-
quency domain equaliser. The time domain equaliser is
required only to compensate for a minimum chromatic dis-
persion, defined by the threshold value. The time domain
equaliser may therefore invert the channel linear transfer
function with a very good approximation with a very low
number of taps. This may improve the robustness of the
optical receiver to sudden changes in chromatic dispersion.

In an embodiment, the threshold value is in the range 10
ps/nm to 50 ps/nm. In an embodiment, the threshold value is
10 ps/nm. The lower the threshold value, the greater is the
amount of chromatic dispersion that is compensated for by
the frequency domain equaliser but the higher is the number
of iterations required. A threshold value of 10 ps/nm may
provide both accuracy of the estimated residual chromatic
dispersion and an acceptable number of iterations.

In an embodiment, first threshold bit error rate is 0.48. This
may allow the time domain equaliser to converge and the
optical performance monitoring apparatus to output a useful
value of estimated residual chromatic dispersion.

In an embodiment, second threshold bit error rate is 1.0x
1072

In an embodiment, the optical performance monitoring
apparatus is arranged to generate and transmit an output sig-
nal comprising an indication of the estimated residual chro-
matic dispersion value.

In an embodiment, the optical communications signal
comprises a portion of an optical communications traffic sig-
nal.

In an embodiment, the optical detection apparatus com-
prises a coherent optical receiver comprising a wavelength
tunable local oscillator. The optical monitoring apparatus
may therefore be used to estimate the chromatic dispersion of
optical communications signals of different wavelengths.

A fourth aspect of the invention provides an optical
receiver comprising optical detection apparatus, analog to
digital conversion apparatus and digital signal processing
apparatus. The optical detection apparatus is arranged to
receive an optical communications signal and to generate an
electrical representation of the optical communications sig-
nal. The analog to digital conversion apparatus is arranged to
generate samples of the electrical representation. The digital
signal processing apparatus comprises chromatic dispersion
processing apparatus. The chromatic dispersion processing
apparatus comprising an equalizer loop which comprises a
frequency domain equaliser, a time domain equaliser, optical
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performance monitoring apparatus and a processor. The fre-
quency domain equaliser is arranged to receive samples of an
electrical representation of an optical communications signal
having a chromatic dispersion. The frequency domain equa-
liser is arranged to apply chromatic dispersion compensation
to the samples, to form dispersion corrected samples having a
residual chromatic dispersion value. The time domain equa-
liser is arranged to receive the dispersion corrected samples
and to generate a representation of a channel linear transfer
function of the optical communications signal from the dis-
persion corrected samples. The time domain equaliser is
arranged to generate and transmit a monitoring signal com-
prising the representation of the channel linear transfer func-
tion. The optical performance monitoring apparatus is
arranged to receive the monitoring signal and to estimate the
residual chromatic dispersion value from the representation
of the channel linear transfer function. The processor is
arranged to receive the estimated residual chromatic disper-
sion value and to compare the estimated residual chromatic
dispersion value to a threshold value. The processor is
arranged to generate and transmit to the frequency domain
equaliser an estimation signal comprising the estimated
residual chromatic dispersion value unless the estimated
residual chromatic dispersion value is less than the threshold
value.

The optical receiver may be used to compensate for chro-
matic dispersion and/or to estimate chromatic dispersion.

The equalizer loop arrangement of the frequency domain
equaliser, time domain equaliser and optical performance
monitoring apparatus may enable the chromatic dispersion
processing apparatus to compensate for chromatic dispersion
of an optical communications signal without any knowledge
of the chromatic dispersion characteristic of an optical com-
munications link from which the optical communications
signal is received. The chromatic dispersion processing appa-
ratus may exploit blind equalisation in the time domain equa-
liser and low computational complexity in the frequency
domain equaliser to jointly compensate for chromatic disper-
sion and estimate chromatic dispersion quickly and effec-
tively. Arranging the frequency domain equaliser, time
domain equaliser and optical performance monitoring appa-
ratus in an equaliser loop may enable the time domain equa-
liser to operate at an optimised load and to have greater
margins for variations. The chromatic dispersion processing
apparatus may provide a chromatic dispersion estimation
which is more accurate than is achievable with the prior art
and which operates more quickly since it operates without the
need for look up tables or training sequences for the time
domain equaliser.

Inan embodiment, the equalizer loop is arranged to operate
iteratively until the estimated residual chromatic dispersion
value is less than the threshold value. The chromatic disper-
sion processing apparatus may therefore operate blindly and
adaptively.

Inan embodiment, the time domain equaliser is arranged to
generate an inverted channel linear transfer function of the
optical communications signal from the dispersion corrected
samples and to apply the inverted channel linear transfer
function to the dispersion corrected samples, to form disper-
sion compensated samples. The chromatic dispersion pro-
cessing apparatus is therefore able to perform dispersion
compensation on the samples, to form dispersion compen-
sated samples.

In an embodiment, the time domain equaliser comprises a
two-dimensional fractionally spaced feed forward equaliser
having a number of taps in the range 5 to 15. The number of
taps is fewer than the number of taps required for the time
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domain equaliser to fully compensate the chromatic disper-
sion of the optical communications signal. The chromatic
dispersion processing apparatus is therefore based on a fre-
quency domain equaliser, a low complexity time domain
equaliser and optical performance monitoring apparatus
arranged in an equaliser loop.

In an embodiment, the time domain equaliser comprises a
two-dimensional fractionally spaced feed forward equaliser
having 5 taps. A very low number of taps may therefore be
used to achieve convergence of the estimated residual chro-
matic dispersion with the threshold value.

In an embodiment, each tap has a tap coefficient and the
time domain equaliser is arranged to apply the minimum
mean square error, MMSE, criterion to adapt the tap coeffi-
cients in order to converge its operation to a two-dimensional
matched filter, as reported by G. Colavolpe et al, “Robust
multilevel coherent optical systems with linear processing at
the receiver,” J. Lightwave Technol, vol. 27, no. 13, pages
2357-2369, 2009.

In an embodiment, the frequency domain equaliser is
arranged to compensate the samples for an initial value of
chromatic dispersion. The frequency domain equaliser is
arranged, in response to receipt of a said estimation signal, to
compensate the samples for a subsequent value of chromatic
dispersion. The subsequent value is the sum of the initial
value and of the respective estimated residual chromatic dis-
persion value of the said estimation signal and of each previ-
ously received estimation signal.

In an embodiment, the initial value is one of 0 ps/nm, a
known minimum chromatic dispersion accumulated by the
optical communications signal, and a known chromatic dis-
persion of a link of an optical communications network from
which the optical communications signal is received. Setting
the initial value to 0 ps/nm may enable the optical receiver to
operate completely blind to the chromatic dispersion of the
link from which the optical communications signal is
received. This may enable the optical receiver to operate in a
very general manner with minimal user input. If the chro-
matic dispersion accumulated by the optical communications
signal during propagation is known to range between a known
minimum and maximum value, the initial value may be set to
the known minimum value. This may enable faster conver-
gence of the time domain equaliser than when operating
completely blind. A known chromatic dispersion of the link
from which the optical communications signal is received
may be provided from the control plane of the communica-
tions network. This may also enable faster convergence of the
time domain equaliser then when operating completely blind.

In an embodiment, the chromatic dispersion processing
apparatus further comprises bit error rate monitoring appara-
tus arranged to determine a bit error rate of the dispersion
compensated samples. The processor is arranged to receive
the bit error rate and to compare the bit error rate to a first
threshold bit error rate. The processor is arranged iteratively
to cause a preselected chromatic dispersion increment to be
added to the value of chromatic dispersion previously com-
pensated for unless the bit error rate is less than the first
threshold bit error rate.

In an embodiment, the chromatic dispersion increment is
selected in dependence on a bit rate and modulation format of
the optical communications signal and on the number of taps
of the time domain equaliser. In an embodiment, the chro-
matic dispersion increment is less than 1000 ps/nm.

In an embodiment, the bit error rate monitoring apparatus
comprises a forward error correction device.

In an embodiment, the processor is arranged, in response to
the bit error rate being less than the first threshold bit error
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rate, to compare the bit error rate to a second threshold bit
error rate. The processor is arranged to generate and transmit
the estimation signal comprising the estimated residual chro-
matic dispersion value unless the bit error rate is less than the
second threshold bit error rate and the estimated residual
chromatic dispersion value is less than the threshold value.

When the bit error rate is less than the second threshold bit
error rate and the estimated residual chromatic dispersion
value is less than the threshold value the majority of the
chromatic dispersion has been compensated for by the fre-
quency domain equaliser. The time domain equaliser is
required only to compensate for a minimum chromatic dis-
persion, defined by the threshold value. The time domain
equaliser may therefore invert the channel linear transfer
function with a very good approximation with a very low
number of taps. This may improve the robustness of the
optical receiver to sudden changes in chromatic dispersion.

In an embodiment, the threshold value is in the range 10
ps/nm to 50 ps/nm. In an embodiment, the threshold value is
10 ps/nm. The lower the threshold value, the greater is the
amount of chromatic dispersion that is compensated for by
the frequency domain equaliser but the higher is the number
of iterations required. A threshold value of 10 ps/nm may
provide both accuracy of the estimated residual chromatic
dispersion and an acceptable number of iterations.

In an embodiment, first threshold bit error rate is 0.48. This
may allow the time domain equaliser to converge and the
optical performance monitoring apparatus to output a useful
value of estimated residual chromatic dispersion.

In an embodiment, second threshold bit error rate is 1.0x
1072

In an embodiment, the optical performance monitoring
apparatus is arranged to generate and transmit an output sig-
nal comprising an indication of the estimated residual chro-
matic dispersion value.

In an embodiment, the optical receiver is a digital coherent
receiver.

In an embodiment, the optical communications signal
comprises an optical communications traffic signal. In an
embodiment, the optical communications signal comprises a
portion of an optical communications traffic signal.

A fifth aspect of the invention provides a data carrier hav-
ing computer readable instructions embodied therein. The
said computer readable instructions are for providing access
to resources available on a processor. The computer readable
instructions comprise instructions to cause the processor to
perform any of the above steps of the method of compensating
for chromatic dispersion of an optical communications sig-
nal.

In an embodiment, the data carrier is a non-transitory data
carrier.

Embodiments of the invention will now be described, by
way of example only, with reference to the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of chromatic disper-
sion processing apparatus according to a first embodiment of
the invention;

FIG. 2 is a schematic representation of chromatic disper-
sion processing apparatus according to a second embodiment
of the invention;

FIG. 3 is a schematic representation of experimental appa-
ratus used to assess the chromatic dispersion processing
apparatus of FIG. 2;
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FIG. 4 shows estimated chromatic dispersion (CD)
obtained by optical performance monitoring apparatus as a
function of the number of iterations for a time delay equaliser
having 11 taps (dotted lines) and having 5 taps (solid lines);

FIG. 5 is a schematic representation of chromatic disper-
sion processing apparatus according to a third embodiment of
the invention;

FIG. 6 is a schematic representation of chromatic disper-
sion processing apparatus according to a fourth embodiment
of the invention;

FIG. 7 is a schematic representation of chromatic disper-
sion processing apparatus according to a fifth embodiment of
the invention;

FIG. 8 shows the steps of a method according to a sixth
embodiment of the invention of processing chromatic disper-
sion of an optical communications signal;

FIG. 9 shows the steps of a method according to a seventh
embodiment of the invention of processing chromatic disper-
sion of an optical communications signal;

FIG. 10 is an alternative representation of the steps of the
method shown in FIG. 9;

FIG. 11 shows the steps of a method according to an eight
embodiment of the invention of processing chromatic disper-
sion of an optical communications signal;

FIG. 12 shows the steps of a method according to a ninth
embodiment of the invention of processing chromatic disper-
sion of an optical communications signal;

FIG. 13 shows the estimated residual CD as a function of
the number of iterations of the method of FIG. 12;

FIG. 14 is a schematic representation of an optical receiver
according to a tenth embodiment of the invention; and

FIG. 15 is a schematic representation of optical monitoring
apparatus according to an eleventh embodiment of the inven-
tion.

DETAILED DESCRIPTION

A first embodiment of the invention provides chromatic
dispersion (CD) processing apparatus 10 as shown in FIG. 1.
The CD processing apparatus 10 comprises an equalizer loop
12 which comprises a frequency domain equalizer (FDE) 14,
a time domain equalizer (TDE) 20, optical performance
monitoring (OPM) apparatus 26 and a processor 28. The FDE
14, TDE 20 and OPM 26 are arranged in a loop configuration.

The FDE 14 is arranged to receive samples 16 of an elec-
trical representation of an optical communications signal.
The optical communications signal has CD, which it will
typically have acquired as a result of propagation across a link
of' a communications network (not shown). The FDE 14 is
arranged to apply CD compensation to the samples, to form
dispersion corrected samples 18. The dispersion corrected
samples have a residual CD value.

The TDE 20 is arranged to receive the dispersion corrected
samples from the FDE 14. The TDE is arranged to generate a
representation of the channel linear transfer function of the
optical communications signal from the dispersion corrected
samples and to generate and transmit a monitoring signal 22
comprising the representation of the channel linear transfer
function. The OPM apparatus 26 is arranged to receive the
monitoring signal 22 and to estimate the residual CD value of
the dispersion corrected samples 18 from the representation
of the channel linear transfer function. The processor 28 is
arranged to receive the estimated residual value and to com-
pare the estimated residual value to a threshold CD value. The
processor is arranged to generate and transmit an estimation
signal 30 to the FDE 14 unless the estimated residual value is
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less than the threshold value. The estimation signal 30 com-
prises the estimated residual value.

The equalizer loop 12 is arranged to operate iteratively
until the estimated CD residual value is less than the threshold
value.

FIG. 2 shows CD processing apparatus 40 according to a
second embodiment of the invention. The CD processing
apparatus 40 of this embodiment is similar to the apparatus 10
shown in FIG. 1 with the following modifications. The same
reference numbers are retained for corresponding features.

In this embodiment, the TDE comprises a 2-dimensional
fractionally spaced feed forward equalizer (FFE) 44 having a
number of taps in the range 5-15.

The TDE 44 consists of four complex valued finite impulse
response (FIR) filters, arranged in a butterfly structure and
optimized adopting the minimum mean square error (MMSE)
criterion for adaptation of the tap coefficients. A TDE of
sufficient length is able to perfectly compensate for CD and
PMD, since it implements a matched filter, as reported by G.
Colavolpe et al (ibid).

The TDE 44 is arranged to generate an inverted channel
linear transfer function of the optical communications signal
from the dispersion corrected samples. The TDE 44 is
arranged to apply the inverted channel linear transfer function
to the dispersion corrected samples, to form dispersion com-
pensated samples 48.

The CD processing apparatus 40 makes use of the fact that
the TDE frequency response H () is equal to the inverse
channel frequency response H_,():

Hy(f) le(f)]

Hppp(f) = Hyl(f) = (Hzl(f) Hyp(f)

where H,; are the frequency responses of each FIR filter and
are calculated by means of Fast Fourier Transform (FFT) of
the FIR filter taps. In the weekly non-linear regime, CD and
PMD contribute together to the total channel impulse
response:

Hpe(N=D{)-UH

where the CD contribution D(f) is a polarization indepen-
dent linear function, that results in a quadratic phase, while
PMD is a frequency dependent effect and is represented by
the unitary matrix U(f). Starting from H,,(f), the residual
CD may be estimated by applying a second derivative of the
quadratic phase of the determinant of H(f).

D(f) = exp(—je) = det(Hrpg) Equation (1)
B Equation (2)
o= 71102
e 8% ¢ Equation (3)
CD=- = 37 [ps/nm]

The representation of the channel linear transfer function
generated by the TDE 44 is derived from the frequency
responses of the FIR filters, H,(f). The OPM 46 is arranged to
estimate the residual CD value from the frequency responses
of'the FIR filters, by applying equations (1) to (3).

The FDE 42 is arranged to compensate the samples 16 for
an initial value of CD. The FDE 42 is arranged, in response to
receipt of an estimation signal 30, to compensate the samples
for a subsequent value of CD. The subsequent value of CD is
the sum of the initial CD value and of the estimated residual
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value provided by the estimation signal plus each previously
received estimated residual value. The residual CD calculated
by the OPM apparatus 46 is used in a feedback loop to set the
CD which is compensated for by the FDE 42 in a loop con-
figuration. In this embodiment the FDE 42 is arranged to
compensate for an initial value of CD which is set to O ps/nm.
This is the most general and blind configuration of the FDE 42
since it requires no knowledge of the CD accumulated by the
optical communications signal which is to be compensated
for.

In use, at the first iteration, the CD value compensated by
the FDE 42 is set to 0 ps/nm. The OPM apparatus 46 thus
provides a very rough estimation of the residual CD because
the linear transfer function reconstruction performed by the
TDE 44 will be strongly inaccurate due to the low number of
taps. This estimated CD value is then provided to the FDE
which implement a partial CD compensation during the sec-
ond iteration. Since a portion of CD is compensated by the
FDE during the second iteration, the linear transfer function
reconstruction performed by the TDE 44 is more precise and
the OPM apparatus performs a more accurate estimation of
the residual CD with respect to the first iteration. The greater
the amount of CD compensated by the FDE, the more precise
is the residual CD estimated by the OPM apparatus 46
because the low complexity TDE will perform the inversion
of channel linear transfer function with more accuracy. This
process is iterated until the estimated residual CD determined
by the OPM apparatus is below a preselected threshold value.
At this point the majority of the CD is compensated by the
FDE, and the TDE is able to invert the channel linear transfer
function with a very good approximation, even with a low
number of taps. Furthermore the TDE 44 is responsible for a
minimal CD compensation, thereby increasing the margin
against sudden changes in CD.

Alternatively, if the CD accumulated by the optical com-
munications signal during propagation across a link of an
optical communications network can range between a known
minimum and maximum value, the FDE 42 can be initialized
to apply an initial value of CD equivalent to the known mini-
mum CD. Ifthe communications network control plane has a
rough estimation of the link CD, the FDE 42 can be initialized
to apply initial CD of this known link CD estimation.

The performance of the CD processing apparatus 40 of
FIG. 2 was assessed using a 112 Gbit/s PM-QPSK coherent
test bed as shown in FIG. 3. Four data streams at 7 Gb/s were
multiplexed with an electrical multiplexer (RF MUX) in
order to obtain a 28 Gb/s pseudo random bit sequence of
length 2'*-1. The 28 Gb/s data stream was power divided and
one of the two branches was delayed by 48 symbol times. The
two electrical signals were sent to the I and Q input of an
integrated I/Q LiNbO; double nested modulator. The 56 Gb/s
QPSK signal was then sent to a polarization multiplexer (Pol.
Mux.) where it was divided in two components. One compo-
nent was delayed by 112 symbol times, 90° rotated in polar-
ization and then coupled together to obtain a 112 Gb/s PM-
QPSK signal.

An optical communications signal to be tested was propa-
gated along 80 km of standard G652 fibre, to acquire CD. At
the receiver, the optical communications signal and a local
oscillator generated reference signal were sent to a polariza-
tion diversity 90° hybrid, and received by four balanced pho-
todiodes to generate an electrical representation of the optical
communications signal consisting of four electrical signals.
The four electrical signals were sampled by a 50 GSample/s
real time oscilloscope, and acquired via a PC. The collected
samples were processed offline by the FDE 42 and TDE 44
and the tap outputs used by the OPM apparatus 46 to estimate
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the residual CD. The test was performed using 11 and 5 taps
in the TDE 44. The residual CD value estimated by the OPM
apparatus 46 was then provided to the FDE 42 and then the
process was iterated until the residual CD value estimated by
the OPM apparatus 46 was below a threshold of 10 ps/nm.

Although the CD processing apparatus 40 of this embodi-
ment is described with respect to performing both CD com-
pensation and CD estimation in order to output dispersion
compensated samples, it will be appreciated by the person
skilled in the art that the apparatus 40 may be arranged to
operate solely as a CD estimation apparatus. [f the TDE 44 is
arranged only to generate the representation of the channel
linear transfer function of the optical communications signal
from the dispersion corrected samples, and to generate and
transmit the monitoring signal 22, the OPM 46 may be
arranged to output the CD estimation, to thereby arrange the
CD processing apparatus 40 solely to operate as a CD esti-
mation apparatus.

FIG. 4 shows the OPM estimated residual CD value as a
function of the number of iterations for 6 subsequent acqui-
sitions of samples. It can be seen that 11 taps are sufficient to
reach the threshold in 3 iterations for all sets of samples.
Convergence with the threshold was reached within 6 itera-
tions using a TDE with 5 taps. The maximum CD estimation
error obtained was 50 ps/nm, which correspond to 3.7% of'the
total CD.

As a comparison, CD compensation performed solely with
aTDE was investigated using a time domain two-dimensional
(2-D) fractionally spaced feed forward equalizer (FFE), as
reported by G. Colavolpe et al (ibid). The performance of the
OPM apparatus 46 was tested by numerical simulations, con-
sidering a known residual CD value accumulated during
propagation of an optical communications signal having a
100 Gb/s polarization multiplexed quaternary phase shift
keying (PM-QPSK) modulation format with a standard dif-
ferential encoding rule. Gray mapping was employed to map
bits onto M-ary symbols. A non-return-to-zero signal filtered
by an electrical baseband Gaussian filter was adopted at the
transmitter. At the receiver, an optical fourth-order Gaussian
filter was used. After an initial training period that allowed the
TDE to reach convergence, the TDE taps were used with
Equations (1) to (3) to obtain a CD estimation.

A TDE with 15 taps was found to be sufficient to perfectly
equalize the optical communications signal for any amount of
CD up to 1250 ps/nm, for an error free condition. The esti-
mated residual CD calculated by the OPM apparatus was
found to have an error ofless than 4% for a TDE with 23 taps.
A TDE with 15 taps gave an error of about 5% at 1000 ps/nm
and 18% at 1250 ps/nm. Therefore, in order to obtain a good
CD estimation using the OPM apparatus, a TDE with a much
higher number of taps (23) must be used than is needed to
invert the channel (15).

A third embodiment of the invention provides CD process-
ing apparatus 50 as shown in FIG. 5. The CD processing
apparatus 50 of this embodiment is similar to the CD process-
ing apparatus 40 shown in FIG. 2, with the following modi-
fications. In this embodiment the FDE 42 is arranged to
compensate the samples 16 for an initial value of CD which is
either a known minimum CD accumulated by the optical
communications signal on transmission across a link of an
optical communications network and a known CD 52 ofa link
of'an optical communications network from which the optical
communications signal is received.

A fourth embodiment of the invention provides CD pro-
cessing apparatus 60 as shown in FIG. 6. The apparatus 60 of
this embodiment is similar to the CD processing apparatus of
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FIG. 2 with the following modifications. The same reference
numbers are retained for corresponding features.

In this embodiment, the CD processing apparatus 60 fur-
ther comprises bit error rate (BER) monitoring apparatus 62
which is arranged to determine a BER of the dispersion com-
pensated samples 48. In this example the BER monitoring
apparatus comprises a forward error correction (FEC) device.

The processor 64 ofthis embodiment is arranged to receive
the BER and to compare the BER to a first threshold BER.
The processor 64 is arranged iteratively to cause a pre-se-
lected CD increment to be added to the value of CD previ-
ously compensated for by the FDE 42 unless the BER is less
than the first threshold BER. In response to the BER being
less than the first threshold BER, the processor 64 is arranged
to compare the BER to a second threshold BER. The proces-
sor 64 is arranged to generate and transmit the estimation
signal 30 comprising the estimated residual CD value unless
the BER is less than the second threshold BER and the esti-
mated residual CD value is less than the threshold value.

In the case of a longer link, with higher uncompensated
CD, the TDE 44 cannot converge. The OPM estimated
residual CD value is therefore not significant and the equal-
iser loop of FIG. 2 cannot be applied. The CD processing
apparatus 60 of this embodiment enables an advanced loop
strategy to be adopted in order to maintain the use of a TDE
having a low number of taps.

Following selection of the initial value of CD to be com-
pensated for by the FDE 42, the FDE 42, TDE 44 and OPM
apparatus 46 are operated as described above. The BER value
given by the FEC device 62 is evaluated. If the BER is above
a first threshold BER, this means that the TDE 44 cannot
converge and the residual CD estimated by the OPM appara-
tus 46 is not a significant value. So preselected increment of
CDis added to the CD previously compensated for (that is the
initial value of CD following the first iteration) and the FDE
is initialized to this new value of CD. The process is iterated
with each iteration causing the CD increment to be added to
the CD value given to the FDE.

This loop is repeated until the BER is less than the first
BER threshold. Once this condition is met, a second check on
the BER and on the estimated residual CD value determined
by the OPM apparatus is performed. If the estimated residual
CD is above its threshold value or the BER is above a second
BER threshold value, the estimated residual CD determined
by the OPM is added algebraically to the value given to the
FDE. This loop is iterated until both the conditions are met.

When both the BER and estimated residual CD are below
their respective thresholds, the iteration stops. At this point
the majority ofthe CD is compensated for by the FDE, and the
TDE is only required to compensate for a minimum CD
quantity defined by the threshold value of the residual CD.
The total compensated CD is the sum of the initial CD value
given to the FDE plus the CD amount added during each
iteration.

The CD increment value depends on the bit-rate, modula-
tion format and number of taps in the TDE. In the case ofa 108
Gbit/s PM-QPSK optical communications signal and a TDE
with 5 taps, the CD increment must be below 1000 ps/nm. The
first BER threshold is 0.48, which is the maximum BER value
at which a receiver receiving the optical communications
signal can see the constellation points of the signal. The first
BER threshold is used to decide whether the estimated
residual CD determined by the OPM. The second BER
threshold is 1.0-1072, which is the FEC limit. The second
BER threshold is a stop condition for the iterations.

The smaller the CD threshold value, the greater is the
amount of CD compensated for by the FDE, but more itera-
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tions are required. In this embodiment, the CD threshold is 10
ps/nm, which balances accuracy of the estimation of residual
CD and the number of iterations required. For a 108 Gbit/s
PM-QPSK signal and a TDE with 5 taps, 5-10 iterations are
required for the TDE to converge on the CD threshold value of
10 ps/nm.

A fifth embodiment of the invention provides CD process-
ing apparatus 160 as shown in FIG. 7. The apparatus 160 of
this embodiment is similar to the CD processing apparatus of
FIG. 2 with the following modifications. The same reference
numbers are retained for corresponding features.

In this embodiment, the OPM 46 is arranged to generated
and transmit an output signal 162 comprising an indication of
the estimated residual chromatic dispersion value. The appa-
ratus 160 of this embodiment is therefore able to perform
chromatic dispersion processing to output both dispersion
compensated samples 48 and an estimation of the residual
CD.

FIG. 8 shows the steps of a method 70 according to a sixth
embodiment of the invention of processing chromatic disper-
sion of an optical communications signal.

The method comprises:

a. receiving samples of an electrical representation of an
optical communications signal having a chromatic dis-
persion (72);

b. compensating the samples for a value of chromatic dis-
persion, to form dispersion corrected samples having a
residual chromatic dispersion value (74);

c. generating a representation of a channel linear transfer
function of the optical communications signal from the
dispersion corrected samples (76);

e. estimating the residual chromatic dispersion value from
the representation of the channel linear transfer function
(80); and

f. comparing the estimated residual value to a threshold
value (82) and unless it is less than the threshold value
adding the estimated residual value to the value of chro-
matic dispersion previously compensated for, to form a
subsequent value of chromatic dispersion (84); and

g. repeating steps b. to f. for respective subsequent values
of chromatic dispersion until the estimated residual
value is less than the threshold value.

FIG. 9 shows the steps of a method 90 according to a
seventh embodiment of the invention of processing chromatic
dispersion of an optical communications signal. The method
90 of this embodiment is similar to the method 70 of FIG. 7,
with the following modifications. The same reference num-
bers are retained for corresponding features.

In this embodiment, step c. additionally comprises gener-
ating an inverted channel linear transfer function of the opti-
cal communications signal from the dispersion corrected
samples and applying the inverted channel linear transfer
function to the dispersion corrected samples, to form disper-
sion compensated samples 96.

A TDE comprising a two-dimensional fractionally spaced
FFE having a number of taps in the range 5 to 15 isused in step
c. to generate the representation of a channel linear transfer
function of the optical communications signal from the dis-
persion corrected samples 76. The TDE is also used in step c.
to generate the inverted channel linear transfer function ofthe
optical communications signal from the dispersion corrected
samples and applying the inverted channel linear transfer
function to the dispersion corrected samples, to form disper-
sion compensated samples 96.

The value of CD which is used in the initial implementation
of step b. is set to an initial value 92. In this example, it is set
to 0 ps/nm. If during the first iteration of steps b. to f. the
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estimated residual value is not less than the threshold value
82, the estimated residual CD value is added to the initial CD
value to form a subsequent value of CD 84. The CD value to
be used in the subsequent iteration of steps b. to f. is set to this
subsequent value of CD 94. If during second and subsequent
iterations of steps b. to f. the estimated residual value is not
less than the threshold value 82, the estimated residual CD
value is added to the value of CD previously compensated for
(i.e. the previously set value of CD 94) to form a further
subsequent value of CD 84 and the CD value to be used in the
subsequent iteration of steps b. to f. is set to this subsequent
value of CD 94.

It will be appreciated by the person skilled in the art that
while this embodiment is described with respect to compen-
sating for chromatic dispersion, if step c. comprises only
generating a representation of a channel linear transfer func-
tion of the optical communications signal from the dispersion
corrected samples, the method may be used to perform CD
estimation without delivering dispersion compensated
samples. It may be desirable to use the method 90 in this way
in order to perform CD estimation off-line.

FIG. 10 is an alternative representation of the method 90 of
FIG. 9.

FIG. 11 shows the steps of a method 100 according to an
eighth embodiment of the invention of processing chromatic
dispersion of an optical communications signal. The method
100 of this embodiment is similar to the method 90 of FIG. 9,
with the following modifications. The same reference num-
bers are retained for corresponding features.

In this embodiment, the initial value of CD is a known CD
of a link of an optical communications network from which
the optical communications signal is received. The initial
value of CD is received from the control plane of the com-
munications network 102.

The initial value of CD may alternatively be a known
minimum CD accumulated by the optical communications
signal.

FIG. 12 shows the steps of a method 120 according to a
ninth embodiment of the invention of processing chromatic
dispersion of an optical communications signal. The method
120 of this embodiment is similar to the method 100 of FIG.
11, with the following modifications.

In this embodiment the method further comprises:

d. determining a BER of the dispersion compensated
samples and comparing the BER to a first threshold BER
(Th_BER_1) 130, and unless the BER is less than the
first threshold BER, adding a preselected CD increment
(CD,,,,) to the value of CD previously compensated for
(CD,), to form an incremented value of chromatic dis-
persion (CD, , ) 132.

Steps b. to d. are repeated until the BER is less than the first

threshold BER.

Step f. additionally comprises comparing the BER to a
second threshold BER (Th_BER_2) 134. The estimated
residual value (CD,p,,) 1s added to the value of CD previ-
ously compensated for (CD,,_,) 136, to form a subsequent
value of CD (CD,,), unless the BER is less than the second
threshold BER and the estimated residual CD value is less
than the threshold value. In this example the threshold value
is 10 ps/nm but it may be up to 50 ps/nm.

In the case of a longer link, with higher uncompensated
CD, the TDE cannot converge. The OPM estimated residual
CD value therefore is not significant and the equaliser loop of
the methods 70, 90, 100 cannot be applied. The method 120 of
this embodiment enables an advanced loop strategy to be
adopted in order to maintain the use of a TDE having a low
number of taps.
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In this case the FDE is initialized 122 to CD,, which can be
either:

1. CDy=0 ps/nm.

2.CD,=CD,,,,, ps/nm.

3. CD,=CD,,, ps/nm.

Setting the initial CD value to 0 is the most general and
blind approach. If the CD accumulated by the signal during
propagation in the network can range between a known mini-
mum (CD,,,,,) and maximum value, the FDE can be initialized
to CD,,,;,,- lf the network control plane has a rough estimation
of the link CD (CD,,,) the FDE can be initialized to CD,,,.

Steps b. to f. the FDE 124, TDE 126 and OPM 128 are then
implemented as described above. If the BER is above a first
threshold BER 130, this means that the TDE 126 cannot
converge and the residual CD estimated by the OPM 128 is
not a significant value. So a preselected increment of CD
(CDy,.,) is added to the CD previously compensated for 132:

step.

CD,, =CDg+(n+1)CD,

step

The FDE 124 is initialized to this new value of CD. The
process is iterated, with each iteration causing the CD incre-
ment to be added to the CD value given to the FDE. This loop
is repeated until the BER is less than the first BER threshold
130. Once this condition is met, a second check on the BER
and on the estimated residual CD value determined by the
OPM 128 is performed 134:

Abs(CD,)<Th_CD?

BER<T#_BER_2?

Ifthe estimated residual CD (Abs(CD,)) is above its thresh-
old value or the BER is above a second BER threshold value,
the estimated residual CD determined by the OPM 128 is
added algebraically to the value given to the FDE 136:

CD,,=CD,, ,+CDopg

This loop is iterated until both the conditions are met.
When both the BER and estimated residual CD are below
their respective thresholds, the iteration stops. At this point
the majority of the CD is compensated by the FDE, and the
TDE is only required to compensate for a minimum CD
quantity defined by the threshold value of the residual CD.
The total compensated CD is the sum of the initial CD value
given to the FDE plus the CD amount added during each
iteration.

The CD increment value (CD,,,,,) depends on the bit-rate,
modulation format and number of taps in the TDE 126. In the
case of a 108 Gbit/'s PM-QPSK optical communications sig-
nal and a TDE with 5 taps, the CD increment must be below
1000 ps/nm. The first BER threshold is 0.48, which is the
maximum BER value at which a receiver receiving the optical
communications signal can see the constellation points of the
signal. The first BER threshold is used to decide whether the
estimated residual CD determined by the OPM. The second
BER threshold is 1.0-103, which is the FEC limit. The sec-
ond BER threshold is a stop condition for the iterations.

The smaller the CD threshold value, the greater is the
amount of CD compensated for by the FDE, but more itera-
tions are required. In this embodiment, the CD threshold is 10
ps/nm, which balances accuracy of the estimation of residual
CD and the number of iterations required. For a 108 Gbit/s
PM-QPSK signal and a TDE with 5 taps, 5-10 iterations are
required for the TDE to converge on the CD threshold value of
10 ps/nm.

FIG. 13 shows the estimated residual CD as a function of
the number of iterations of the method 120 of FIG. 12. Propa-
gation of the optical communications signal over four difter-
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ent distances prior to dispersion compensation are consid-
ered: 200 km (circles), 520 km (squares), 760 km (triangles)
and 1000 km (diamonds). While the number of iterations in
loop 1 of FIG. 12 is always below 9, the number of iterations
in loop 2 of FIG. 12 linearly increases with the CD to be
compensated for. The number of'iterations in loop 1 and 2 can
slightly change between subsequent applications of the
method, but a maximum difference of 3 iterations has been
observed. The iterations in loop 1 give a fixed CD increment
011000 ps/nm and they are represented in FIG. 13 by the point
on the straight inclined line. The iterations in loop 2 give a
variable, smaller increment. The method 120 is observed to
work well and to reach the target residual CD value in all the
cases considered. The error between the nominal and the
estimated residual CD is always below 5%.

A tenth embodiment of the invention provides an optical
receiver 140 as shown in FIG. 14.

The optical receiver 140 comprises optical detection appa-
ratus 142, analog to digital conversion (ADC) apparatus 154
and digital signal processing (DSP) apparatus 156.

The optical detection apparatus is arranged to receive an
optical communications signal 146 and to generate an elec-
trical representation of the optical communications signal.
The optical detection apparatus 142 comprises a 90° optical
hybrid 144 and four balanced receivers 152. The 90° optical
hybrid 144 is arranged to receive the signal 146 and a refer-
ence signal 150 generated by a local oscillator 148. The
construction and operation of this type of optical detection
apparatus will be well known to the person skilled in the art
and so further detail will not be given here.

The ADC apparatus 154 is arranged to sample electrical
output signals received from the balanced receivers 152, to
generate samples 16 of the electrical representation of the
optical communications signal.

The DSP apparatus 156 comprises CD processing appara-
tus 10 as shown in FIG. 1. It will be appreciated that the CD
processing apparatus 40 of FIG. 2, the CD processing appa-
ratus 50 of FIG. 5, the CD processing apparatus 60 of FIG. 6,
or the CD processing apparatus 160 of FIG. 7 may alterna-
tively be used.

An eleventh embodiment of the invention provides optical
monitoring apparatus 160 as shown in FIG. 15.

The optical monitoring apparatus 160 comprises optical
detection apparatus 162, analog to digital conversion (ADC)
apparatus 164 and CD processing apparatus 10 as shown in
FIG. 1.

The CD processing apparatus 10 is arranged to estimate the
CD of the optical communications signal. It will be appreci-
ated that the CD processing apparatus 40 of FIG. 2, the CD
processing apparatus 50 of FIG. 5, the CD processing appa-
ratus 60 of FIG. 6, orthe CD processing apparatus 160 of F1G.
7 may alternatively be used.

The optical detection apparatus is arranged to receive an
optical communications signal 166 and to generate an elec-
trical representation of the optical communications signal.
The optical communications signal has been tapped of an
optical communications traffic signal and is thus a portion
that optical communications traffic signal, having a portion of
the optical power of the optical communications traffic signal
and carrying a replica of the traffic carried by it.

The optical detection apparatus 162 comprises a 90° opti-
cal hybrid 168 and four balanced receivers 170. The 90°
optical hybrid 168 is arranged to receive the signal 166 and a
reference signal 172 generated by a local oscillator 174. The
construction and operation of this type of optical detection
apparatus will be well known to the person skilled in the art
and so further detail will not be given here.
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The local oscillator 174 is a wavelength tunable local oscil-
lator 174 arranged to generate a reference signal 172 at one of
a plurality of pre-selected wavelengths, corresponding to the
different wavelengths that the optical communications signal
might have.

The ADC apparatus 154 is arranged to sample electrical
output signals received from the balanced receivers 152, to
generate samples 16 of the electrical representation of the
optical communications signal.

The invention claimed is:

1. A chromatic dispersion processing apparatus compris-
ing an equalizer loop comprising:

a frequency domain equaliser arranged to receive samples
of an electrical representation of an optical communica-
tions signal having a chromatic dispersion, and further
arranged to apply chromatic dispersion compensation to
the samples, to form dispersion corrected samples hav-
ing a residual chromatic dispersion value;

a time domain equaliser arranged to receive the dispersion
corrected samples and to generate a representation of a
channel linear transfer function of the optical commu-
nications signal from the dispersion corrected samples,
and further arranged to generate and transmit a monitor-
ing signal comprising the representation of the channel
linear transfer function;

an optical performance monitoring apparatus arranged to
receive the monitoring signal and to estimate the
residual chromatic dispersion value from the represen-
tation of the channel linear transfer function; and

aprocessor arranged to receive the estimated residual value
and to compare the estimated residual value to a thresh-
old value, and further arranged to generate and transmit
to the frequency domain equaliser an estimation signal
comprising the estimated residual value unless the esti-
mated residual value is less than the threshold value.

2. The chromatic dispersion processing apparatus as
claimed in claim 1, wherein the time domain equaliser is
arranged to generate an inverted channel linear transfer func-
tion of the optical communications signal from the dispersion
corrected samples, and to apply the inverted channel linear
transfer function to the dispersion corrected samples, to form
dispersion compensated samples.

3. The chromatic dispersion processing apparatus as
claimed in claim 1, wherein the time domain equaliser com-
prises a two-dimensional fractionally spaced feed forward
equaliser having a number of taps in a range of 5 to 15.

4. The chromatic dispersion processing apparatus as
claimed in claim 1, wherein the frequency domain equaliser is
arranged to compensate the received samples for an initial
value of chromatic dispersion, and is further arranged, in
response to receipt of a-said estimation signal, to compensate
the received samples for a subsequent value of chromatic
dispersion, the subsequent value being a sum of the initial
value and of a respective estimated residual value of said
estimation signal and of each previously received estimation
signal.

5. The chromatic dispersion processing apparatus as
claimed in claim 4, wherein the initial value is one of 0
picsosecond (ps)/nanometer (nm), a known minimum chro-
matic dispersion accumulated by the optical communications
signal, and a known chromatic dispersion of a link of an
optical communications network from which the optical
communications signal is received.

6. The chromatic dispersion processing apparatus as
claimed in claim 1, wherein the chromatic dispersion process-
ing apparatus further comprises:
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a bit error rate monitoring apparatus arranged to determine
a bit error rate of the dispersion compensated samples;
and

the processor is further arranged to receive the bit error rate

and to compare the bit error rate to a first threshold bit
error rate, and is further arranged to iteratively cause a
preselected chromatic dispersion increment to be added
to a value of chromatic dispersion previously compen-
sated for unless the bit error rate is less than the first
threshold bit error rate.

7. The chromatic dispersion processing apparatus as
claimed in claim 6, wherein the processor is arranged, in
response to the bit error rate being less than the first threshold
bit error rate, to compare the bit error rate to a second thresh-
old bit error rate, and is further arranged to generate and
transmit the estimation signal comprising the estimated
residual value unless the bit error rate is less than the second
threshold bit error rate and the estimated residual value is less
than the threshold value.

8. The chromatic dispersion processing apparatus as
claimed in claim 1, wherein the threshold value is in a range
of 10 picosecond (ps)/nanometer (nm) to 50 ps/nm.

9. A method of processing chromatic dispersion of an
optical communications signal, the method comprising:

receiving samples of an electrical representation of an opti-

cal communications signal having a chromatic disper-
sion;
compensating the received samples for a value of chro-
matic dispersion, to form dispersion corrected samples
having a residual chromatic dispersion value;

generating a representation of a channel linear transfer
function of the optical communications signal from the
dispersion corrected samples;

estimating the residual chromatic dispersion value from

the representation of the channel linear transfer func-
tion;

comparing the estimated residual value to a threshold value

and unless it is less than the threshold value, adding the
estimated residual value to a value of chromatic disper-
sion previously compensated for, to form a subsequent
value of chromatic dispersion; and

repeating the compensating, generating, estimating, and

comparing operations for respective subsequent values
of chromatic dispersion until the estimated residual
value is less than the threshold value.

10. The method as claimed in claim 9, wherein generating
the representation of the channel linear transfer function fur-
ther comprises generating an inverted channel linear transfer
function of the optical communications signal from the dis-
persion corrected samples, and applying the inverted channel
linear transfer function to the dispersion corrected samples, to
form dispersion compensated samples.

11. The method as claimed in claim 9, wherein generating
the representation of the channel linear transfer function is
implemented using a time domain equaliser comprising a
two-dimensional fractionally spaced feed forward equaliser
having a number of taps in a range of 5 to 15.

12. The method as claimed in claim 9, wherein a value of
chromatic dispersion used in an initial implementation of the
compensating operation is one of 0 picosecond (ps)/nanom-
eter (nm), a known minimum chromatic dispersion accumu-
lated by the optical communications signal, and a known
chromatic dispersion of a link of an optical communications
network from which the optical communications signal is
received.
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13. The method as claimed in claim 9, further comprising:

determining a bit error rate of the dispersion compensated
samples and comparing the bit error rate to a first thresh-
old bit error rate, and unless the bit error rate is less than
the first threshold bit error rate, adding a preselected
chromatic dispersion increment to a value of chromatic
dispersion previously compensated for, to form an incre-
mented value of chromatic dispersion, and repeating the
compensating, generating, and determining operations
until the bit error rate is less than the first threshold bit
error rate.

14. The method as claimed in claim 13, wherein the com-
paring operation further comprises comparing the bit error
rate to a second threshold bit error rate and the estimated
residual value is added to the value of chromatic dispersion
previously compensated for, to form a subsequent value of
chromatic dispersion, unless the bit error rate is less than the
second threshold bit error rate and the estimated residual
value is less than the threshold value.

15. The method as claimed in claim 9, wherein the thresh-
old value is in a range of 10 picosecond (ps)/nanometer (nm)
to 50 ps/nm.

16. An optical monitoring apparatus comprising:

an optical detection apparatus arranged to receive an opti-
cal communications signal and to generate an electrical
representation of the optical communications signal;

an analog to digital conversion apparatus arranged to gen-
erate samples of the electrical representation; and

a chromatic dispersion processing apparatus comprising an
equalizer loop comprising:

a frequency domain equaliser arranged to receive samples
of an electrical representation of an optical communica-
tions signal having a chromatic dispersion, and further
arranged to apply chromatic dispersion compensation to
the samples, to form dispersion corrected samples hav-
ing a residual chromatic dispersion value;

a time domain equaliser arranged to receive the dispersion
corrected samples and to generate a representation of a
channel linear transfer function of the optical commu-
nications signal from the dispersion corrected samples,
and further arranged to generate and transmit a monitor-
ing signal comprising the representation of the channel
linear transfer function;

an optical performance monitoring apparatus arranged to
receive the monitoring signal and to estimate the
residual chromatic dispersion value from the represen-
tation of the channel linear transfer function; and

aprocessor arranged to receive the estimated residual value
and to compare the estimated residual value to a thresh-
old value, and further arranged to generate and transmit
to the frequency domain equaliser an estimation signal
comprising the estimated residual value unless the esti-
mated residual value is less than the threshold value.

17. An optical receiver comprising:

an optical detection apparatus arranged to receive an opti-
cal communications signal and to generate an electrical
representation of the optical communications signal;

an analog to digital conversion apparatus arranged to gen-
erate samples of the electrical representation; and

a digital signal processing apparatus comprising a chro-
matic dispersion processing apparatus comprising an
equalizer loop comprising:

a frequency domain equaliser arranged to receive samples
of an electrical representation of an optical communica-
tions signal having a chromatic dispersion, and further
arranged to apply chromatic dispersion compensation to
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the samples, to form dispersion corrected samples hav-
ing a residual chromatic dispersion value;
atime domain equaliser arranged to receive the dispersion
corrected samples and to generate a representation of a
channel linear transfer function of the optical commu-
nications signal from the dispersion corrected samples,
and further arranged to generate and transmit a monitor-
ing signal comprising the representation of the channel
linear transfer function;
an optical performance monitoring apparatus arranged to
receive the monitoring signal and to estimate the
residual chromatic dispersion value from the represen-
tation of the channel linear transfer function; and
aprocessor arranged to receive the estimated residual value
and to compare the estimated residual value to a thresh-
old value, and further arranged to generate and transmit
to the frequency domain equaliser an estimation signal
comprising the estimated residual value unless the esti-
mated residual value is less than the threshold value.
18. A non-transitory computer-readable storage medium
having computer code stored therein, which when executed
by a processor, cause the processor to perform operations
comprising:
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receiving samples of an electrical representation of an opti-
cal communications signal having a chromatic disper-
sion;

compensating the received samples for a value of chro-
matic dispersion, to form dispersion corrected samples
having a residual chromatic dispersion value;

generating a representation of a channel linear transfer
function of the optical communications signal from the
dispersion corrected samples;

estimating the residual chromatic dispersion value from
the representation of the channel linear transfer func-
tion;

comparing the estimated residual value to a threshold value
and unless it is less than the threshold value, adding the
estimated residual value to a value of chromatic disper-
sion previously compensated for, to form a subsequent
value of chromatic dispersion; and

repeating the compensating, generating, estimating, and
comparing operations for respective subsequent values
of chromatic dispersion until the estimated residual
value is less than the threshold value.
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